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Switching of metabolic programs in response to light availability is an essential function of the 8" cyanobacterial circadian clock 9" 10" 11" 12" 13" 14"
Anna M. 
Introduction

40"
Organisms across kingdoms of life have evolved circadian clocks to temporally align biological 41" activities with the diurnal changes in the environment. In the cyanobacterium Synechococcus elongatus 42" PCC7942, the core circadian oscillator is comprised of the KaiA, KaiB and KaiC proteins (Nishiwaki et 43" al., 2007; Rust et al., 2007) , that generate oscillations in the phosphorylation state of KaiC. Time 44" information encoded in the phosphorylation state of KaiC is transmitted to the transcription factor RpaA 45" (Takai et al., 2006; Taniguchi et al., 2011; Markson et al., 2013) to generate circadian changes in gene 46" expression (Markson et al., 2013) . In continuous light, the expression of more than 60% of protein-47"
coding genes in S. elongatus is regulated in a circadian manner (Vijayan et al., 2009 ) with two main 48" phases of gene expression: genes peaking at subjective dawn or subjective dusk, where the term 49"
"subjective" refers to an internal estimate of time in the absence of external cues. Deletion of rpaA 50" disrupts these rhythms in mRNA abundance and arrests cells in a subjective dawn-like transcriptional 51" state, rendering them unable to switch to a subjective dusk-like expression program (Markson et al., 52" 2013) . 53"
54"
While it is clear that the circadian transcriptional program schedules timing of gene expression when the 55"
63"
We find that both accumulation and utilization of the carbon reserves required for energy production 64" during periods of darkness are defective in the rpaA -strain, and that correction of these defects restores 65" viability. Our results provide insight into the role of the circadian program in enhancing fitness of 66" cyanobacteria through coordination of central carbon metabolism with the metabolic demands imposed 67"
by periodic changes in the external environment. 68" 69"
Results
70"
As reported previously (Takai et al., 2006) , in constant light wild type and rpaA -cells grow at the same 71" rate ( Figure 1A , top panel); however, the rpaA -strain is not viable when cultured in alternating 72" binding to target promoters (Markson et al., 2013) , we tested whether a strain expressing a non-86" phosphorylatable mutant form of RpaA, RpaA D53A, is able to grow under light/dark cycles in the 87" "clock rescue" background. We found that this strain is also inviable, indicating that the active DNA-88" binding form of RpaA is required for cell viability during exposure to light/dark conditions ( Figure 1 -89" figure supplement 1D). 90"
91"
Circadian clocks and their output synchronize the metabolic activity of cells with diurnal fluctuations 92" (Tu and McKnight, 2006; Green et al., 2008; Graf et al., 2010; Dodd et al., 2015) . To understand if the 93" observed viability defect stems from an inability of the rpaA -strain (which is arrested in a 'dawn-like' 94" transcriptional state (Markson et al., 2013) ) to meet the metabolic requirements of darkness, we assessed 95" cellular energy charge in the wild type and the rpaA -strains over time in constant light conditions and in 96" light/dark cycles. Energy charge describes the relative levels of ATP, ADP and AMP in the intracellular 97" adenine nucleotide pool, and is a tightly controlled parameter that reflects the global metabolic energy 98" status of the cell (Atkinson, 1968) . In constant light, there was no difference in energy charge between 99" the wild type and rpaA -strains ( Figure 1C , top panel). Wild type cells subjected to darkness experience 100" only a slight reduction in energy charge ( Figure 1C , bottom panel). In contrast, rpaA -cells experience a 101" reduction in energy charge during the first dark period and an even more dramatic reduction during the 102"
109"
In constant light conditions, the circadian program directs expression of anabolic and catabolic 110" pathways, with genes relevant for carbon catabolism peaking in mRNA abundance at subjective dusk 111" (Vijayan et al., 2009; Diamond et al., 2015) . To investigate the role of RpaA in orchestrating diurnal 112" transcription of metabolic genes, we performed RNA sequencing in the rpaA -"clock rescue" strain and 113"
an isogenic rpaA + strain after exposure to darkness. The expression of circadian dusk-peaking genes was 114" most affected in the rpaA deletion strain exposed to darkness (Figure 2 -figure supplement 1A) .
115"
Specifically, we observed that genes encoding enzymes involved in glycogen breakdown, glycolysis and 116" the oxidative pentose phosphate pathway (Figure 2 -figure supplement 1B and Supplementary File 1), 117" which normally peak in expression at dusk, are among the genes with the greatest defect in expression in 118"
the rpaA -cells (Figure 2A ). These pathways are key for carbon utilization and energy production in the 119" dark in cyanobacteria ( Figure 2B ), and their function is essential for survival of periods of darkness 120" (Doolittle and Singer, 1974) . Independent deletion of gnd as well as the glgP_gap1 and fbp_zwf_opcA 121" operons, which exhibit severely reduced expression in the rpaA -strain, results in impaired viability in 122" light/dark cycles but not in constant light conditions (Figure 2 -figure supplement 1C and Doolittle and 123" Singer, 1974; Scanlan et al., 1995) . To confirm that the transcriptional defects in the rpaA deletion 124" mutant affect carbon catabolism, we measured the enzymatic activities of glycogen phosphorylase 125" (glgP), glucose-6-phosphate dehydrogenase (zwf) and 6-phosphogluconate dehydrogenase (gnd) in the 126" dark, and observed that activity of each enzyme was strongly reduced in the rpaA -strain compared to 127" wild type ( Figure 2C ). Therefore, the rpaA -strain appears to be unable to activate the carbon catabolic 128" pathways upon the onset of darkness because it cannot induce transcription of the requisite enzymes at 129" dusk.
130"
131"
Glycogen is a crucial metabolic reserve used as a carbon and energy source during periods of darkness 132" (Smith, 1983) . In wild type cyanobacteria glycogen accumulates during the afternoon (Cervený and 133" Nedbal, 2009; Knoop et al., 2010; Rugen et al., 2015) through the activity of a glycogen synthesis 134" pathway composed of phosphoglucomutase (pgm1 and pgm2), ADP-glucose pyrophosphorylase (glgC) 135"
and glycogen synthase (glgA) ( Figure 3A ). To analyze whether the dawn-arrested rpaA -strain can 136" accumulate glycogen reserves, we measured expression and activity of the glycogen synthesis enzymes 137" and found that neither the expression levels nor activity of the enzymes in the pathway were 138" significantly reduced in the rpaA -strain ( Figure 3B and 3C) . Surprisingly, we observed that while 139" glycogen content oscillates over a period of 24h in wild type cells both in constant light and in light/dark 140" cycles, glycogen is present at a very low level in the rpaA -strain regardless of light conditions, despite 141" high levels of the synthetic enzymes in the extracts ( Figure 3D ). The same glycogen accumulation defect 142" occurs in the rpaA -"clock rescue" strain, demonstrating that it is a direct effect of deletion of rpaA 143" contribute to the impaired viability of the rpaA -strain in the dark. 150"
151"
We hypothesized that the inability of the rpaA -strain to maintain appropriate energy levels and cell 152" viability in the dark stems from the defects in accumulation of carbon/energy stores during the day and 153" their utilization at night. To assess whether restoration of the correct carbon catabolic route in darkness 154" is sufficient to rescue the energy charge and viability of the rpaA -strain in light/dark conditions, we 155" reconstituted the activities of the carbon utilization pathways and provided a transporter for uptake of 156" external carbon. We restored expression of the carbon utilization enzymes in the rpaA -strain by placing 157" their expression under an IPTG-inducible ectopic Ptrc promoter, and confirmed that induction with 158"
IPTG restored enzyme activity in cell extracts (Figure 4 -figure supplement 1) . To counterbalance the 159" inability of the rpaA -cells to accumulate internal carbon reserves, we expressed the GalP transporter to 160" allow glucose uptake from the medium. Expression of either the missing enzymes or the GalP 161"
transporter alone with supplementation of glucose in the rpaA -background was not sufficient to restore 162" viability of this strain ( Figure 4A and 4B). However, restoration of the carbon utilization pathways 163" combined with the introduction of the glucose transporter in the presence of glucose rescued the 164" viability defect of the rpaA -strain ( Figure 4A and 4B). In this engineered strain, glucose feeding does 165" not increase accumulation of internal carbon stores ( Figure 4C ), but does restore high energy charge 166" levels in the rpaA -cells ( Figure 4D ). Our results strongly suggest that functional circadian output 167" mediated by the activity of RpaA is required for the anticipatory accumulation of carbon reserves during 168" the day, as well as metabolic switching to carbon catabolism at dusk. These metabolic adaptations allow 169" cells to stimulate energy production and sustain cell viability during periods of darkness that challenge 170" and constrain resources for cyanobacterial growth. 171"
172"
Discussion
173"
Daily environmental changes in light availability give rise to periodic demand for metabolism of 174" alternate energy sources in photosynthetic organisms (Doolittle, 1979) . To maximize fitness, 175" photosynthetic organisms need to accurately allocate resources by carrying out carbon assimilation 176" during the day and utilizing stored carbohydrate reserves at night (Smith, 1983 ). Here we show that in 177" the cyanobacterium S. elongatus PCC 7942, the transcription factor, RpaA, which orchestrates global 178" circadian output, is critical for the coordination of carbon anabolism and catabolism and thus cell 179" viability in light/dark cycles. Deletion of rpaA prevents glycogen accumulation in light and renders cells 180" unable to utilize existing glycogen at dusk ( Figure 4E ) -this leads to alterations in cellular energy 181" charge and, as previously observed, to a severe reduction in fitness. It is yet to be determined whether 182"
RpaA is rewiring carbon metabolism solely through transcriptional control or through other 183" mechanisms. 184"
185"
The mechanism underlying perturbed carbon accumulation in the rpaA -strain is unclear. The activities 186" of glycogen synthesizing enzymes in the rpaA -strain are high in vitro, however they could be affected in 187"
vivo by the redox state of the cell or by metabolite levels. It is also possible that an RpaA-dependent 188" transcript expressed in the afternoon is required to funnel assimilated carbon into glycogen synthesis. 
215"
Finally, our data together with a recent study by Diamond and colleagues (Diamond et al., 2015) 216" emphasize the role of the circadian system in driving oscillations in metabolism. On the other hand, it 217" has been demonstrated that metabolic processes provide feedback to the circadian clock by regulating its 218" resetting, indicating an important role of the fluctuating metabolic status of a cell in driving circadian 219"
oscillations (Rust et al., 2011; Pattanayak et al., 2014; Pattanayak et al., 2015) . Together, a complex 220" bidirectional relationship between the circadian program and metabolism emerges in which the circadian 221" system both controls and is controlled by the metabolic rhythms to set and tune cell physiology with the 222" environmental cycles. This tight coupling between circadian machinery and metabolism is coming to 223" light as a universal feature across kingdoms of life (Green et al., 2008; Dodd et al., 2015) . 224" 225"
Experimental Procedures 226"
Cyanobacterial strains 227"
Strains were constructed using standard protocols for genomic integration by homologous 228" recombination (Clerico et al., 2007) and are listed in Supplementary File 2. All plasmids were 229" constructed using a protocol for Gibson assembly (Gibson et al., 2009) . 230"
231"
The" rpaA % " strain" was" constructed" by" transforming" wild" type" cells" with" pΔRpaA(Gmr)" that" was" a" 232" gift" from" Joe" Markson." The" "clock" rescue"" strain" was" constructed" following" Teng" et" al.," 2013" by" 233" replacing"the"native"PkaiBC*promoter"between"base"pairs"1240468"and"1240554"on"S.*elongatus* 234" chromosome" with" a" P0050" promoter" encompassing" 508" base" pairs" upstream" of" the" translation" 235" start"of"synpcc7942_0050."We"used"a"kanamycin"resistance"cassette"upstream"of"the"promoter"as"a" 236" selection" marker." The" rpaA % " "clock" rescue"" strain" was" made" by" transforming" pΔRpaA(Gmr)" 237" plasmid" into" the" "clock" rescue"" strain" background." The" rpaA % * +rpaA" strain" was" made" by" 238" transforming"wild"type"S.*elongatus"simultaneously"with"pΔRpaA(Gmr)"and"a"NS"1"targeting"vector" 239" pAM1303"carrying"the"rpaA"gene"with"its"native"promoter"encompassing"400"base"pairs"upstream" 240" of" the" translation" start." The" pAM1303" plasmid" was" a" gift" from" Susan" Golden." The" rpaA % *+*empty* 241" plasmid"was"created"by"transforming"wild"type"cells"with"a"pΔRpaA(Gmr)"plasmid"and"an"empty" 242" NS" 1" targeting" vector" pAM1303." The" "clock" rescue"*crpaA*and" "clock" rescue"*crpaA*D53A" strains" 243"
were" both" made" using" the" "clock" rescue"" strain" background." In" the" crpaA" strains" the" rpaA" 244" promoter"was"changed"to"a"P0050*promoter"allowing"for"continuous"expression"of"rpaA*and*rpaA" 245"
D53A."A"gentamycin"resistance"cassette"was"placed"upstream"of"the"P0050"promoter"for"selection." 246"
The"D53A"mutation"was"introduced"following" Markson"et"al.,"2013. 247" 
248"
The strain lacking the glgP_gap1 (Synpcc7942_0244-0245) operon was made using the pBR322 249" plasmid carrying the kanamycin resistance cassette flanked by 1000 nucleotides of DNA from upstream 250"
and downstream of glgP_gap1 locus. In the zwf -fbp -opcA -strain the zwf_fbp_opcA operon 251" (Synpcc7942_2333-2335) was replaced with a kanamycin resistance cassette. In the gnd -strain the gnd 252" gene (Synpcc7942_0039) was replaced with a kanamycin resistance cassette. The strain lacking glgA 253" (Synpcc7942_2518) and the strain lacking glgC (Synpcc7942_0603) were made by using the pBR322 254" plasmids carrying the kanamycin resistance cassette flanked by 1000 nucleotides of DNA from upstream 255"
and downstream of respectively glgA and glgC locus. 256"
257"
The wild type +galP strain was made by transforming wild type cells with Ptrc::galP construct in a 258" modified NS 1 targeting vector pAM1303 in which the cassette providing resistance to spectinomycin 259" and streptomycin was replaced with a nourseothricin resistance cassette (Taton et al., 2014 Figure 4 strains were grown in BG-273" 11 medium with 100 μM IPTG with or without supplementation with 0.4 % (w/v) glucose. 274"
275"
For the experiments described in Figure 1C and Figure 4 -figure supplement 1, wild type and "clock rescue" strains were entrained by exposure to 12 hours of 277" darkness, followed by 12 h of light, followed by another 12 h of darkness. The rpaA -and rpaA -"clock 278"
rescue" strains were entrained by one pulse of 12 hours of darkness, followed by incubation in light to Figure 4A and 4B) 288" or in triplicate ( Figure 1A and 1B) . 289"
290"
For the spot plate growth assays, liquid cultures of wild type and mutant cells were pre-grown in 291" continuous light in a medium lacking antibiotics. Cells were diluted to OD 750 = 0.25 and a dilution series 292" was performed from 10 0 to 10 -4 . Then, 10 μl of each dilution step were spotted onto BG11 agar plates 293" with no antibiotics. Plates were incubated in constant light at 30 °C for 7 days or under 12 h light/ 12 h 294" dark alternating conditions for 14 days. Experiments were performed in triplicate. 295"
296"
Viability after prolonged dark treatment was assessed by a colony forming unit assay. Light-grown 297"
cultures were diluted to OD 750 = 0.025, transferred to darkness and sampled every 24h. Each aliquot 298" removed from the culture was diluted in BG11 medium 1000 times by serial dilution. 100 μl of the 299" diluted culture were plated onto a BG11 plate. Plates were incubated for 7 days at 30°C under constant 300" illumination and colonies on each plate were counted. Viability was expressed as: % viability = N/N 0 x 301" 100%, where N 0 is the colony count before exposure of cultures to darkness. Each experiment was 302" performed in duplicate. 303"
304"
Adenine nucleotide analysis 305"
Nucleotides were extracted following the method used by Rust et al., 2011 with modifications. 2 ml of 306" the cyanobacterial culture was added to 0.5 ml of ice-cold 3 M perchloric acid with 77 mM EDTA, 307" vortexed briefly and incubated on ice for 5 min. The mixture was neutralized with 1.34 ml of 1 M KOH, 308" 0.5 M Tris, 0.5 M KCl and then centrifuged at 4000 rpm for 20 min at 4 °C. The supernatant was then 309" filtered through Amicon Ultra-4 filters (Millipore) and stored at -80 °C. 310"
311"
To measure adenine nucleotides, extracts were thawed and diluted 2.6X. For ATP measurement, extracts 312"
were diluted in a buffer containing 25 mM KCl, 50 mM MgSO 4 and 100 mM HEPES, pH 7.4 (L buffer) 313" with 1 mM phosphoenolpyruvate. To measure ADP + ATP, extracts were diluted in the above buffer 314" containing also 3 U ml -1 type II pyruvate kinase from rabbit muscle (Sigma-Aldrich). To measure AMP 315" + ADP + ATP, extracts were diluted in the L buffer containing 1 mM phosphoenolpyruvate, 3 U ml -1
316"
type II pyruvate kinase from rabbit muscle and 75 U ml -1 myokinase from rabbit muscle (Sigma-317" Aldrich). Diluted extracts were incubated for 30 minutes in a 37 °C water bath followed by 10 minutes 318" of heat treatment at 90 °C to inactivate enzymes. Extracts were assayed in triplicate in a black 96-well 319"
plate. 30 μl of the L buffer containing 35 μg ml -1 firefly luciferase (Sigma-Aldrich) and 1 mM luciferin 320"
(Sigma-Aldrich) were added to 260 μl of the extract. The luminescence signal was measured from each 321" well in a TopCount luminescence counter (Perkin-Elmer).
322"
323"
RNA-Seq 324"
For the RNA-sequencing experiment the "clock rescue" and the rpaA -"clock rescue" strains were 325" entrained and harvested by filtering and freezing in liquid-nitrogen at following time points: dusk 326" (ZT=12h); 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h and 11 h 50 min after exposure to darkness; and 5 327" min, 15 min and 30 min after re-exposure to light at dawn. 328"
329"
RNA purification and library preparation were performed as described in Markson et al. 2013 . NCBI 330" reference sequences NC_007604.1, NC_004073.2, and NC_004990.1 were used to align sequencing 331" reads to the S. elongatus chromosome and the endogenous plasmids with Bowtie. Uniquely mappable 332" reads with maximum of three mismatches per read were allowed to map to the genome. 333"
334"
To quantify gene expression we counted the number of coding reads between the start and stop positions 335" of open reading frames. We performed RPKM normalization and searched for differentially expressed 336"
genes that are at least 3-fold lower in the rpaA -"clock rescue" strain than in the control in at least 5 of 337" the 12 measured time points. We performed an analysis of the functional annotations of the protein 338"
coding genes whose expression is defective in the rpaA -"clock rescue" strain using gene functions 339" available in the Cyanobase. The sequencing data reported in this article can be found under the 340" accession number GEO: xxxx. 341"
342"
RT-qPCR for Gene Expression 343"
Following entrainment (two cycles of entrainment for wild type strain and one cycle for the rpaA -strain) 344" equal ODs of wild type and the rpaA -cells were harvested by filtering and freezing in liquid nitrogen in 345" the morning (ZT=3h) and in the afternoon (ZT=9h). RNA extraction was performed as above. RT-qPCR 346" was carried out using SYBRGreen PCR Master Mix (Applied Biosystems), Superscipt III Reverse 347"
Transcriptase (Invtrogen), and the following primers: 
350"
The abundance of transcripts was normalized by an external spike-in bub2 transcript from S. cerevisiae.
351"
bub2 was in vitro transcribed, added to the RNA AE extraction buffer and extracted together with S. 352" elongatus RNA.
353"
354"
Enzyme activity assays 355"
All enzyme assays were performed using fresh cultures harvested immediately before the assay. Cells KH 2 PO 4 , 27 mM Na 2 HPO 4 , 15 mM MgCl 2 and 100 μM EDTA with 340 μM Na 2 NADP + , 4 μM glucose-363" 1,6-bisphosphate (Sigma-Aldrich), 0.8 U ml −1 phosphoglucomutase (Sigma-Aldrich), 6 U ml −1 glucose-364" 6-phosphate dehydrogenase (Sigma-Aldrich) and 2 mg ml −1 glycogen from bovine liver (Sigma-Aldrich) 365" as substrate (Fu and Xu, 2006) . Glucose-6-phosphate dehydrogenase was assayed in 10mM MgCl 2 and 366" 50 mM Tris maleate, pH 7.5 with 2 mM NADP + and 4 mM glucose-6-phosphate (Sigma-Aldrich) as 367"
substrate (Shaeffer and Stanier, 1978) . 6-phosphogluconate dehydrogenase was assayed in 10mM MgCl 2 368" and 50 mM Tris maleate, pH 7.5 with 2 mM NADP + and 2 mM 6-phosphogluconate (Sigma-Aldrich) as 369"
substrate (Shaeffer and Stanier, 1978) . Phosphoglucomutase was assayed in 50 mM Tris-HCl, pH 8.0 370" and 10 mM DTT with 2 mM MgCl 2 , 10 μM glucose-1,6-bisphosphate, 1 mM NADP + , 0.2 U ml −1
371"
glucose-6-phosphate dehydrogenase and 2 mM glucose-1-phosphate (Sigma-Aldrich) as substrate (Liu 372" et al., 2013) . Glycogen synthase was assayed in a three-step reaction following Suzuki et al., 2010. First 373" ADP was generated from ADP-glucose in a reaction consisting of 50 mM Tris-HCl, pH 8.0, 20 mM 374"
DTT, 2 mM ADP-glucose (Sigma-Aldrich), 2 mg ml -1 oyster glycogen (Sigma-Aldrich) as substrate and 375" the cell extract. The reaction was incubated for 20 min at 30 °C and then stopped by heat treatment at 376" 100 °C for 2 min. Then, ATP was generated from ADP by mixing the solution 3:1 with a buffer 377" containing 50 mM HEPES-NaOH, pH 7.5, 10 mM phosphocreatine (Sigma-Aldrich), 200 mM KCl, 10 378" mM MgCl 2 , and 0.5 mg ml -1 creatine phosphokinase (Sigma-Aldrich), and incubated for 30 min at 30 379"°C . The reaction was stopped by heat treatment in a 100 °C metal block for 2 min. Finally, the amount 380" of ATP was measured by mixing the solution 3:2 with a buffer comprising of 125 mM HEPES-NaOH, 381" pH 7.5, 10 mM glucose, 20 mM MgCl 2 , and 1 mM NADP + and 5 U ml -1 each of hexokinase (Sigma-382" Aldrich) and glucose-6-phosphate dehydrogenase. All above assays were measured 383" spectrophotometrically by monitoring the increase in absorbance at 340 nm over time using Spectramax 384" i3 plate reader. ADP-glucose pyrophosphorylase was assayed in 50 mM HEPES, pH 8.0, 10 mM MgCl 2 385" with 2 mM ATP, 2 mM 3-phosphoglycerate (Santa Cruz Biotechnology), 1 U ml −1 yeast inorganic 386"
pyrophosphatase (Sigma-Aldrich) and 1mM glucose-1-phosphate (Sigma-Aldrich) as substrate (Diaz-387" Troya et al., 2014) . Production of phosphate was monitored using EnzCheck Assay (Molecular Probes) 388"
by reading absorbance at 360 nm over time in Spectramax i3 plate reader. To determine background 389" control assays for each enzymatic activity were performed without addition of the relevant substrate. 390"
391"
Glycogen measurements 392"
Glycogen measurements were performed following Pattanayak et al., 2015 with modifications. Briefly, 393" for each time point 10 ml of cultures were collected by filtering and freezing in liquid nitrogen. Cells 394"
were resuspended from the filter in 1 ml ice-cold methanol. Filters were discarded and cells were 395" centrifuged at 14000 rpm for 7 minutes. The chlorophyll content was determined spectrophotometrically 396" at 665 nm using the equation C Chl = A 665 x 13.9 μg ml -1 (de Marsac and Houmard, 1988) . Glycogen 397" content was normalized by chlorophyll content in each sample. The pellets were resuspended in 300 μl 398" of 40% KOH and incubated for 90 minutes at 95 °C. 200 proof ethanol was added to each extract and 399"
extracts were incubated at -20 °C overnight. Samples were centrifuged at 14000 rpm for 1h at 4 °C, the 400" supernatants were discarded and the pellets were washed twice with ice-cold ethanol. The pellets were 401" resuspended in 100 μl of 2 N HCL and placed in a 95 °C heat block for 30 min to break glycogen down.
402"
Samples were neutralized with 100 μl of 2 N NaOH and 50 μl of 1 M phosphate buffer, pH 7. Glycogen 403" content was then assayed enzymatically using glucose hexokinase assay (Sigma-Aldrich) in 96-well 404"
plate at 340 nm in the Spectramax i3 plate reader. Glycogen from bovine liver (Sigma-Aldrich) was 405" used to generate a standard curve. 
